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3.1 INTRODUCTION

The Raman effect was discovered in 1928 by Sir C. V. Raman'~* and
complements the method of infrared spectroscopy in the study of the vibra-
tional spectra of molccules. However, since it has a quite different physical
basis, being a light-scattering effect rather than one involving the absorption
of radiation, it often gives information additional to that obtained {rin
infrared spectroscopy. For example, vibrational frequencies that are muutine
in the infrared may often be observed in the Raman spectrum and vice versa,
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When a beam of light of suitable [requency, chosen so that it is not ab-
sorbed, passes through a translucent medium, free from dust, most of the
light is transmitted without change. However at the same time a small frac-
tion is scattered by the molecules of the medium. The total intensity of
scattered light is about 1073 of the intensity of the incident light for liquids.

This classical or Rayleigh scattering effect has been known for many years,*
and its inverse proportionality to the fourth power of the wavelength is the
basis for the explanation of the bluc color of the sky.5 In Rayleigh scattering
the frequency of the light remains unchanged, i.e., for a monochromatic
incident beam the frequency of the scattered light is exactly equal to that of the
incident beam. . _ i

Raman's discovery was that the scattered lightalso contains new frequencies
(Raman frequencics) to both higher and lower frequencies of the frequency df
the Rayleigh scattered light. These Raman lines are very weak (of the order
of one-thousandth of the intensity of the Rayleigh scattering) and are there-
fore relatively difficult to detect. The differences of their frequencies from the
frequency of the incident light are characteristic of the molecules of the scatter-
ing medium and are found to be equal to vibrational or rotational frequencies
of the molecules. Vibrational shifts are readily resolved from the Rayleigh
by means of a relatively simple prism spectrograph, while the pure rotational
transitions lie so close to the Rayleigh line that their resolution is impracti-
cable in mostcases unless agrating spectrograph of very high resolutionis used.
Thus in normal practice only the vibrational Raman lines are commonly
observed, and most of the work of practical importance in Raman spectros-
copy is concerned with pure vibrational spectra.

Raman spectra can be obsérved when light is scattered by solids, liquids,
or gases, and it is interesting to note that the method was more widely used
in carly investigations of the vibrational spectra of molecules than was infra-
red spectroscopy because it was at that time experimentally more accessible
than infrared. In recent years, however, with the introduction of commercial
infrared spectrometers, infrared spectroscopy has become widely practiced and

- Raman spectroscopy has come to be regarded by many as a rather specialized
technique. Now, with the development of very high, intensity light sources,
including the laser, and the use of the ph otomultiplier tube for the detection of
weak intensities, the way is open for rapid advances in technique, and Raman
spectroscopy should soon be available as a routine tool.

32 THEORY . . |
A. SCATTERING OF LIGHT BY MOLECULES

Only a simple presentation of the basic features of the theory of Raman
spectroscopy is given here. More detailed and mathematical accounts arc to
be found elsewhere (sec, for example, Refs. 6-9).
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The simplest model that enables us to understand the scattering of light
by molecules is to visualize the collision of a photon of incident light of fre-
quency ¥, (energy hiro) with a molecule in the medium. Such a collision can
oceur elastically or inelastically. In an elastic collision the photon is scattered
without change and is cmitted with energy /irp (Rayleigh scattering), while in
an inelastic collision (Raman scattering) the internal energy of the molecule
changes by transfer of energy with the photon. Thus, the emitted photon
has an energy hv' different from that of the incident photon. In most instances
the change in the internal energy results from a change in the vibrational
energy of the molecule. If the transition is from the ground vibrational state
(v = 0) to the first excited vibrational state (¢ = 1), the change in energy is
hv,, where », is a vibrational frequency. Thus, :

' = hry — hiry

and the scattered light shows a frequency shift, relative to the Rayleigh
scattering, toward the red end of the spectrum equal in magnitude to a vibra- |
tional frequency. If, however, a molecule that is already in its first vibrational,
state (o = 1) collides with a photon, it may transfer energy to the incident
photon and fall back into the ground state (v = 0). In this event the emitted
photon has energy h»” where

" = hvy + Iy

and its frequency is shifted relative to that of the Rayleigh line toward the
blue end of the spectrum with the same magnitude of frequency as before.
Thus, Raman frequencies are obscrved to both higher and lower fre-

-quencies, v, of the incident frequency. The latter frequencies are called

«Stokes lines” and the former, “anti-Stokes lines.” Since at normal tempera-
tures the number of molecules in the ground vibrational state far outnumbers
those in the first vibrational state, the intensity of Raman frequencies emitted
with frequencies ¥, — », is far greater than those with frequencies vg + ¥,
and Stokes lines are relatively much more intense than anti-Stokes lines. In
fact, the anti-Stokes lines are observed only in favorable cases. A molecular
substance that gives a Raman spectrum where both Stokes and anti-Stokes
Jines are observed using a simple spectrometer is liquid carbon tetrachloride
(Fig. 3.1).

For a polyatomic molecule several Raman lines may be observed, the shift
of each from the exciting frequency being equal to the frequency of a funda-
mental mode of vibration or, more rirely, a combination of furrdamental
vibrational modes of the molccular species. For a polyatomic molecule
containing n atoms, the maximum number of fundamental frequencies 15
3n — 6 (3n — S for a linear molccule). The number of vibrational frequencices
observed in the Raman spectrum depends on the symmetry of the
molecule.
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anti- Stokes lines Rayleigh Stlokes lhines
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FIGURE 3.1: Photographically recorded spectrum of carbon tetrachloride showing Stokes
and anti-Stokes lines. ’

B. VIBRATIONAL RAMAN SPECTRA

In infrared spectroscopy a vibrational frequency is active only if the
molecular vibration involves a change in the permanent dipole moment of the
molecule. Thus, for 2 homonuclear molecule such as N, which has a zero.
dipole moment its single vibrational mode, stretching of the N=N bond, is
inactive in the infrared. However, the N==N stretching frequency is observed
in the Raman spectrum at 2331 cm~!. This comes about because a vibration
is Raman active if it involves a change in the polarizability of the electrons in
the molecule, i.c., a change in the induced dipole moment rather than a
change in the permanent dipole moment. :

C. POLARIZABILITY

A molecule may be regarded as a collection of positively charged nuclei
embedded in a cloud of negative electrons. In the equilibrium configuration
the eclectrical centers of the positive and negative charges may coincide, in
which ease the molecule has no dipole moment, or may nor{:oincide, in which
case the molecule possesses a permanent dipole moment. In both instances
interaction with an electric tield, for example with incident hght, gives rise o
an induced dipole moment, and af the ficld oscillates with a frequency that is
large compared with nuclear vibrational frequencies, only the clectron cleud
(of relatively small inertia) will be distorted by the nietd and the nuclei will
remain relatively unatlected '
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The relation between the applicd field strength E and the induced dipole
moment A is given by oF s 5

where x is the polarizability of the molecule. In this expression both Eand M
are vectors and « is a tensor. The nature of = may be visualized by resolving
the induced dipole moment into three components A, AM,, and M, in the x,
y, and z directions of a coordinate system fixed in space and in the molecule,
letting the corresponding components of the field be E,. E,, and E_, i.c.,

M-l' = uﬂ'ES + :NE' + zt-'EI
M, =a,E + x,E, + x,.E,
M, = o, E, + x,.E, + o.E,
The tensor  js then defined by the set of six coefficients x, %oy, Xrpr Fuys Lyar

and a,, which may be used to represent x in 2 more pictorial way by forming
the equation of an ellipsoid:
2t + 2,0 + 2,2+ 200 %Y + 20,57 + 22,3z = 1

This is the so-called polarizability ellipsoid, which can be visualized by draw-
 ing arrows from a common origin with lengths proportional to the polariza-
" bility in that particular direction. The heads of the arrows define the ellipsoid.
If the ellipsoid is oriented for convenience with its principal axes along the
x, y, and z axes of the coordinate system, the equation just presented reduces

to the form:
o the form a,x‘+1,,}"+=“2’=l

Figure 3.2 illustrates the polarizability cllipsoids of some simple molecules
in their equilibrium configurations.’®

\

C': Cl

ch C—

FIGURE 3.2: Polarizability cllipsoids of some simple molecuics.

c
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The molccular polarizability a, is a measure of the case with which the
clectrons in the molecule (the cloud of clectrons) are distorted. |Thus a
vibfation that results in a distortion of the electron cloud, e.g., a symmetrical
stretching frequency (Fig. 3.3), is Raman active, while, altfiough it may be,

Y, —"‘—07%/ O——1x;
Vsg 10=2 J‘/ O~
/T )

Zb

&

E+

FIGURE 3.3: Normal modes of vibration for CO,.

itis not necessarily infrared active. Indeed it will not be activelin the infrared
unless the permanent dipole moment of the molecule changes during the
molecular vibration. i

By way of illustration we consider the fundamental vibrational modes of
two simple triatomic molecules. carbon dioxide and sulfur dioxide, and those
of a tetrahedral molecule, carbon tetrachloride.
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D. RAMAN SPECTRA OF SOME SIMPLE MOLECULES

The lincar CO, molecule has 3n — 5 — 4 fundamental vibrations (Fig. 3.3),
which are conveniently described as a symmetrical stretch »,, an antisym-
metrical (or antisymmetric) stretch »,, and two symmetrical bends »;. The
two bends have identical requencies and differ only in their dispositions in
space, i.t., experimentally a single bending mode is observed which is doubly
degenerate.* Figure 3.4 shows the way in which the polarizability ellipsoid
changes during the normal modes of vibration of the CO, moleccule.

During the symmetric stretching vibration v, the polarizability changes and
hence », is Raman active. However it is inactive in the infrared since the
initially zero dipole moment remains zero during the vibration of the mole-
cule. For the asymmetric stretch », the motion results in a loss of symmetry
in the molecule, the dipole moment becomes nonzero, but the polarizability
ellipsoid remains unchanged. Hence ¥, is active in the infrared, but inactive
in the Raman. Similarly, for the bending mode ¥, the vibration is seen to be
infrared active, but forbidden in the Raman. These results are perhaps not”
immediately obvious, but the following more detailed treatment should make
the conditions under which the polarizability changes clearer.

In general for a small displacement of the nuclei in the molecule during
vibration the distortion can be described by a normal vibrational coordinate g
constructed so as to express all of the individual displacements of the nuclei
involved. For small amplitudes of vibration the polarizability may be de-
scribed by

x = %o + (02/99)0q

where the zero subscript refers to values at the equilibrium configuration.
Thus for the lectric moment induced by an applied ficld

M = 2E = 2,E + (92/39)0g£

For a change in polarizability to occur during a particular mode of vibration
the second term in this equation (0x/0g), X g must be nonzero, i.c., since g is
finite (32/04), must be nonzero. Like 2, (92/99)o 1s & tensor and is usually
referred 10 as the “derived polarizability tensor™ 2 of the normal vibration
defined by g.

= When two or more maolecular vibrations have the same frequency, they arc said to be
“degenerate.” This may arise because of the symmetry of the molccule, in which case the
depencracy will be cither twofold (doubly degenerate) of threcfold (triply degencralc).
Any moftcule possessinga threefold, or higher, axis /ias some doubly degenerdte vibrations,
and a molecule with more than on¢ threefold, or higher, axis will also have some wriply
degencrate vibrations.

Decgeneracy may also occur accidentally if the frequencics of 1wo or more different
modes of vibration happen to coincide. In pracuice accidental depeneracies are quilc rarc.
They often lead to Fermi resonance.
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FIGURE 3.4: Change in the polarizability ellipsoid during the symmetrical stretching
frequency (»,) of CO,: since the other modes »;and r, (Fig. 3.3) cause no change in polariz-
' ability they are not shown.

Deformation of a molecule during a normal vibration may affect the
polarizability ellipsoid in several different ways. It may cause an alteration
in the size and/or shape of the ellipsoid and/or it may lead to a change in the
orientation of the polarizability ellipsoid in space; i.e., either distortion of
the ellipsoid or a change in its orientation in space leads to a Raman active
vibrational mode. '

In the casc of the asymmetric stretching mode v, of carbon dioxide, and the
bending mode »,, the vibrations do not change the axes of'the polarizability
cllipsoid away from the fixed x, v, and z axes. Morcover since the polariz-
ability will have, by symmetry, identical values x° at the two extremes of
VRRNER o g e (ORI oy TSR
and it follows that (2z/@¢), must be z¢ro; hence 2 = 34, i.c., the polariz-
ability is unchanged during the vibration.

Carbon dioxide is an cxample of a molecule with a center of symmetry.
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The result that the infrared spectrum and the Raman spectrum are mutually
exclusive, i.c., those frequencies that are active in the Raman are inactive in
the infrared, and vice versa, is a general result that applies to all molecules
possessing a cenler of symmetry. Tn particular the frequencies that are Raman
active are totally symmetric with respect to the center of symmetry.

For sulfur dioxide, a bent triatomic molecule, the 3n — 6 =3 normal
modes of vibration are shown in Fig. 3.5. They arc conveniently described as
a symmetric stretch»,, 2 symmetric bend ¥,, and an asymmetric stretch vy, In
the case of the symmetric stretch, the polarizability cllipsoid breathes with the

FIGURE 1.5: Normal modes of vibration and polariubihty elhpsoids for SO,: thc two
extreme displacements arc shown for cach vibration with the polanizability changes
exapgerated.
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FIGURE 3.6: Normal modes of vibration for cal,.

vibrational frequency as does the bend. Therefore both », and v, are Raman
active. For the asymmetric stretching mode »; the size of the polarizability
cllipsoid does not change with time, but its axes oscillate with respect to the
fixed axes during the vibration. This fundamental vibratioh mode is therefore
also active in the Raman by virtue of the oscillation of the axes of the polariz-
ability ellipsoid relative to the fixed coordinate axes of the molecule. Thus
all three normal vibratons are active in the Raman, They arc also active in
the infrared because in each instance the dipole moment of the molecule
changes during the vibration.
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A more complicated but common example is that of a tetrahedral molecule
such as carbon tetrachloride. For this molecule the 3n — 6 = 9 fundamental
modes give rise to four Raman lines of which two are the only lines observed
in the infrared spectrum. The normal vibrational modes are shown in Fig.
3.6.

In carbon tetrachloride, because of the tetrahedral symmetry, one of the
Raman-only active vibrations is doubly degenerate (£), and the two fre-
quencies that are active in both the infrared and Raman are cach triply
degenerate (F;). In the symmetric stretch », the polarizability ellipsoid, which
is spherical in the equilibrium configuration of the molecule, breathes with
the frequency of the vibration so that it remains spherical but changes in size.
Hence », is Raman active, and since the initially zero dipole moment remains
zero during the vibration, it is forbidden in the infrared. For the », bending
vibration (doubly degenerate mode), the polarizability ellipsoid is distorted
from spherical, but the dipole moment remains zero because the changes in .
~ the two halves of the molecule (above and below the xy plane) produce equal
and opposite cffects (this is most clearly seen in v,,, Fig. 3.6). Hence v,
is Raman active but infrared inactive. In the bending mode », (triply
degenerate), for which there is a threefold axis of symmetry (conveniently
chosen as either the x or the y or the z axis) the polarizability ellipsoid be-
comes distorted and the dipole moment becomes nonzero during the vibra-
tion. Thus the vibration is active in both the Raman and infrared. Similar
considerations apply to »;. The Raman and infrared spectra of CCI, are
shown in Fig. 3.7. :

Thus we have seen that in the vibrational spectrum of a molecule the funda-
mental vibrational frequencies may be Raman active and infrared inactive if
a particular vibration involves a change in the polarizability but no change in
the dipole moment; Raman active and infrared active if the vibrational mode
causes no change in the polarizability but a change in the permanent dipole
moment; active in both Raman and infrared if the vibration causes a change
in both the polarizability and dipole moment, and forbidden in both Raman
and infrared if neither the polarizability nor the dipole moment changes dur-
ing the course of the vibration. The total number of observable vibrational
frequencies and their activity in the Raman and infrared is determined by the
symmetry properties of the particular molecule.

Thus observation of both the Raman and infrared spectra of a molccule
provides important information regarding its gcometric shape. Indeed in
order to obtain a complete vibrational analysis of a molecule, both Raman
* and infrared spectra are important and usually necessary.

In the analysis of speotra it is convenient to classify the normal vibrations
of a molecule into symmetry types by the methods of group theory (see e.g.,
Ref. 11).

The symmetry type or species of 4 vibration is indicated by a symbol; those
proposed by Mulliken?? are used almost universally for nonlinear molecules.
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FIGURE 3.7: The Raman and infrared spectri of CCl,.
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For linear molecules a convention established for electronic states is usually
followed. Only Mulliken symbols will be discussed since the qualitative
organic spectroscopist is rarely concerned with' lincar molecules. Further-
more no attempt will be made to discuss here the group theoretical arguments
used to classify vibrations into species. These are fully covered in several
textbooks (¢.g., Ref. 11). We attempt only to give the reader a reasonable
understanding of such a classification once it has been made.

A Mulliken symbol is one of the letters A, B, E, or F (T is used instead of F
by some authors) to which subscripts or superscripts may be added. The
symbols 4 and B are used exclusively for nondegenerate vibrations; E
jindicates a doubly degenerate vibration and F a triply degencrate vibration.
Further distinctions for nondegencrate vibrations are easily understood by
using a set of rules after one additional point has been discussed.

As we have discussed previously, molecules in their equilibrium positions
may possess certain symmetry elements, but the configurations of the nuclei
when displaced in a vibrational mode may not have the same symmetry.as in
the equilibrium configuration. Ifa given symmetry element of the equilibrium
configuration is also present in the displaced configuration, the element is
said to be “preserved,” and the vibration is symmetric with respect to that
symmetry element. If a symmetry element of the equilibrium configuration
is not present in the displaced configuration, the element is not preserved,
and the vibration is said to be “asymmetric’ with respect to that element.
As an example, consider tlhe SO, molecule shown in Fig. 3.5. Th. molecule
in its equilibrium configuration has C,, symmetry, i.c., a twofold axis C;
passing vertically through the sulfur atom, a vertical plane o, bisecting the
OSO angle and perpendicular to the plane of the molecule and a second ver-
tical plane o,. containing all three atoms. The displaced configuration for
each vibration is obtained by moving each atom to the head of the arrow
attached to it. (Since the atoms vibrate in phase, any other configuration
occurring during the vibration will have the same symmetry.) The modes r,
and v, are clearly symmetric with respect to all three symmetry clements.
However the mode v, is asymmetric with respect to C, and g, but symmetric
with respect to o, since all three atoms remain in this plane throughout the
vibration.

The following rules explain the Mulliken symbols for nondegencrate
vibrations:

1. A designates a vibration that is symmetric with respect to the principal
axis (i.c., the axis of highest order). B designates a vibration that is asym-
metric with respect to the principal axis. -

2. Subscripts 1 and 2 designate vibrations that are, respectively, symmetric
and asymmetric with respect to a twofold axis perpendicular to the principal
axis, or, if these are absent, with respect to vertical planes.

3. Superscripts * and " designate vibrations that arc, respectively, sym-
metric and asymmetric with respect to a horizontal plane.
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4. Subscripts gz and u designate vibrations which are, respectively, sym
metric and asymmetric with respect to a center of symmetry.,

No more than two of the qualifying symbols in rules 2, 3, and 4 are needec
in 4ny one case, i.c., we find Myliken symbols A, B,, 4;, B =, for example,
but not symbols of the type AL g

The symbols £ and F may also carry subscripts and superscripts which
follow definite rules. However in these cases the rules can only be stated
mathematically. Most cxperimental spectroscopists do not concern thiem.-
sclves with the origin‘of the subscripts and superscripts that may accompany
£ and F, and we shall not do so here.

For linear molecules the symbols -, £-, and 1 are equivalent to A°, 4",
and E, respectively. The subscripts g and u have the same meaning as in the
case of nonlinear molecules.

One of the advantages of sy mmetry classification is that selection rules need
not be worked out for each molecule separately. Once a molecule is classified
into the appropriate symmetry class (point group), standard tables for the
particular point group can be used.M In addition only totally symmetric
vibrations (those of species A, A,, Al A, A4, and A;) will be polarized in
the Raman spectrum (Section 3.2E).

Table 3.1 gives the selection rules for some common point groups. The
reader should verify that usc of this table leads to the same conclusions about
Raman and infrared activity of the vibrations shown in Figs. 3.3, 3.5,and 3.6
for CO,, SO,, and CCl, as do considerations of change in dipole moment and
polarizability. Note thata given molecule will not necessarily have vibrations
belonging to all the species possible for that point group.

E. POLARIZATION MEASUREMENTS

An additional feature of Raman spectra is the ability to detect experimen-
tally which of the observed fundamental modes are totally symmetric.

This kind of information is obtained experimentally most easily by irradiat-
ing the sample with plane-polarized light and examining the Raman scattering
at right angles to the direction of incidence in two cases: where light incident
in, say, the z direction is polarized, respectively, parallel to and perpendicular
to the xy plane (Fig. 3.8). IT the intensity of scatteréd light from light
polarized parallel to the Xy planc is /; and that from light polarized per-
pendicular to the xy plane is 1, , then the depolarization factor p is given by

P = [1 H” ¢

1

Born' has shown theoretically that for Rayleigh scauering p is given for
a random arrangement of molecules in a fluid (liquid or gas) by

p = 6:/:;'(45(1: + 7}:]
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where a, the mean value invariant, is given by
a = 3o + %, +.a%)
and ¥, the anisotropy invariant, is given by ’
¥ = H(zee = 2)* + (7, = 2,)* + (2,, — 2,,)%)
Thus a is, roughly speaking, a measure of the size of the polarizability ellip-

soid and y a measure of the extent of distortion of the shape of the polariz-
ability ellipsoid from spherical.

e

Incident light Transmitted light

{unpolarized) / (plane=polarized)

h 4

Polaroid

FIGURE 3.8: The production of polarized light.

In Raman scattering we are concerned with the derived tensor o rather
than with the polarizability «,, and although it cannot be represented by an
ellipsoid, nevertheless it possesses by analogy with «, a mean value invariant
a’ and an anisotropy invariant y, and the degree of polarization of the Raman
line is given by

p = 6(y)/[45(a’)* + 7(y'))

Thus the following possibilities are evident:

2.-Fora"# 0, and 3" =0, p=0 and the Raman line is “completely
polarized.” :

3. Fora’"=0and 3" # 0, p = § and the Raman line is said to be *“de-
polarized.” o % 2

4. In all other cases a” ¢ 0 and y" # 0 and the valuc of p is between zero
and 4. The line is said to be “polarized.”

. Fora’ = y' = 0 the Raman line is said 10 be “forbidden.”

Each cocfficient of =, is related to the corresponding coeflicient of a, by
an equation of the kind =, = (82,,/3g), (sce Section 3.2D), i.c., a’ = (da/dq),.
however ;"  (3y/dq),.
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-
TABLE 11
2 Selection rules for some common point groups 3.
Infrared active Raman active 1
Point group ~ species - specics = Example
<, 4.8 A. B H .0,
o, A A" A CHDCI,
C';. Ay, BI- Br Ay As, By, 4, 504
Cie AL E Ay E NH,.
D, Avas E. i s C.Hy,
Dll f"].. E! - '4li- El'- E.'l C.H.
T, T Ay E, T, CH,, CCl,
D, - Er 1L, ] | R CO,
b. Raman and infrared spectra of some simple molecules
Frequency,
cm-!
Vibrational
mode Infrared Raman
l. Carbon dioxide, CO,, Dga* (gas)
vy (T1,) 667 [nactive
2% (ED) Inactive 1286 pol.*
(I Inactive 1388 pol.
v (Z2) 2349 Inactive
2. Sulfur dioxide, S0O,, C,, (gas)
vs (a,) 519 525 (1) pol.
= (A) 606 -
v, (a,) 1151 1151 (g) pol.
vy (8,) 1361 1336 (1) depol.*
"+ 7 (8,) 1871 —
2y, (Ay) 2305 —
v+ v, (8) 2499 -
3. Boron trifluororide, BF,, D, (gas)
v, (¢) 480 480 depol.
482 482
¥y (a3) 691¢ Inactive
720 Inactive
v (a;) Inactive 888 pol.
¥ (e) 1446° —
1497 — !
4. Carbon tetrachloride, CCl,, T, (liquid) 5
vy le) Inactive 218 depol.
v (fy) 305 314 depol,
v, (a,) Inacuve 458 pol.
% vy (f3) 764 762 depol 4
v v (P 797 791 depol.*
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TABLE 3.1 (continued)

Ercqucncy.
cm=!
Vibrational
mode Infrared Raman b
5. Chloroform, CHCl,, C,, (liquid)
vy (e) 260 262 depol.
¥, (ay) 364 366 pol.
v (s,) 667 668 pol.
r, () 760 761 depol.
ry (e) 1205 1216 depol.
r, (a;) 3033 - 3019 pol.
6. Ethylene, C;H,. D,. (gas}-.
vy (ay Inactive Inactive
¥,y (by,) Inactive 943 depol.
™ (bia) 949 Inactive
714 (Bs) 995 Inactive
r, (b.) Inactive (1050y
vy (a,) Inactive 1342 pol.
vy2 (bs) 1443 Inactive
r, (g,) Inactive 1623 pol.
11 (by) 29%0 Inactive
» (a,) Inactive 3019 pol.
ve () . . 3106 Inactive
vy (by,) Inactive 3272 depol.

* The species symbols follow a common convention that lower-case symbols are used
for fundamentals and upper-case symbols for overtones and combination bands.

* State of polarization of Raman lines: pol., polarized; depol.. depolarized.

© All bands except »,, in which the boron atom does not move, show isotope splitting
due to *8 and "B8.

¢ Fermi resonance.

¢ Estimated at 825 em=? from 2r, (A,) = 1656 observed in the Raman.

f Should be Raman active, but is not observed. The frequency was estimated from
¥ + v (B,.) = 2047 cm-? and &, = 995 em-t.

F. RULES OF SELECTION AND POLARIZATION

We have seen previously that the vibrations of a molecule can afTect the
polarizability ellipsoid in three ways: by anging its size and’or shape and/
or its oricntation with respect 10 the fixed cou ~dinates of the molecule.

- -

. Asymmetric Vibrations

We saw previously that for the asymmetric stretching vibration of the SO,
molecule vy the size of the polarizability ellipsoid remained unchaneed during
the vibration, i.e., @’ = 0, but that its orientation with respect to the fixed
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axes chaneed, te.. 3 % 0. Thus the vibration obeys rule 3 and will have
IJ = ',‘
This result iy venerally true for all asymmetric vibrations.

Rule: Al asvmmetric vibranons give depolarized Raman lines.

Ifin addition to the size of the polarizability ellipsoid remaining unchanged
1ts enientation is also unaltered, because of some other symmetry property of
the malecule. for example. as in the asymmetric stretching vibration of the
linear COL mulecule, then 3" is also zero and the Raman line is forbidden, 1e.,
that frequency is inactive in the Raman (rule 1).

2. Degenerate Yibrations

In the degencrate », bending mode of CCJ, the size of the polarizability
cllipsoid remains unchanged, but the shape changes. Thus a’ =0 and
v # 0and p = §. ie., the Raman line is depolarized (rule 3). This is again a
general result.

Rule: All degenerate vibrational modes give depolarized Raman lines.

3. Symmetric Vibratlons

In symmetric vibrations the size of the polarizability ellipsoid changes dur-
ing the vibration, @’ # 0 and y" % 0, and p < §. i.c., the Raman line is
polarized (rule 4).

Rule: -All totally symmetric vibrations are active in the Raman and polarized.

In the special case where the polarizability ellipsoid is spherical a’ 5 0,
but 3" = 0, and the Raman line is completely polarized (rule 2). Anexample
is the totally symmetric breathing frequency v, of CCl,.

The state of polarization expected for the Raman frequencies of molecules
in certain point groups are shown in Table 3.1.

3.3 EXPERIMENTAL

A. LIGHT SOURCES

Since Raman scattering is of relatively low intensity, the first requirement
cxperimentally is for a very intense monochromatic light source of an appro-
priatc wavelength that is not absorbed by the material under investigation.
\Jhe most widely used source is the mercury emission lafmp, which gives
strong lines at 2537, 3630, 4057, 4358, 5461, 5770, and 5790 A. The very
intense bluc 4358 A linc is usually used for obtaining spectra from colorless
liquids and solutions, and the green line at 5461 A for the spectra of colored
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" (yellow) substances. The 4358 A line is parucularly suitable since it is rela-

tively far away from the line at 5461 A.-To provide a relatively monochro-
matic source \wavclengths other than those required are chmmnlcd by using
appropriate filters such as those showrfin Table 3.2. 1 3
In the darly days of Raman spectroscopy simple high prcssure..!amps were
employed which were capable of giving only relativelv low intensities so that
Raman spectra were obtained ‘Gnly with difficulty by using very sensitive
photographic plates for detection, and even then very long exposure times
were generally required. In addmon this kind of lamp gives an undesirable

Table 3.2: Filters for Mercury Lamps

Exciting line. A ) Filter
2537 Mercury vapbr
3650 Corning filter 7-51, or Eastman Kodak glass filter 18A
4047 Sodium nitrite solution, or Corning filter 5-58, or Eastman Kodak

Whratten 2B fifter, to remove 3650-A line
Solution of iedine in carbon tetrachloride, or 0.003 M potassium
ferricyanide solution, 1o remove 4358-A line

4358 Rhodamine SGDN dye (DuPont), 0.009%; solution slightly acidi-
fied with HCI. to remove higher wavclengths
5461 Basic sodium chromate (pH 8.7) for lines below 5461 A: cupric

nitrate solution; saturated neodymium chloride solution

continuous background. However in recent years H. L. Welsh and his co-
workers at the University of Toronto!* have developed low pressure helical
mercury lamps which give very high intensities free of‘contim
These enable spectra of, for example, liquid samples to be obtained within a
few minutes exposure time.

The so-called Toronto arc requires high currents (of the order of 10 to
30 A), and thus the clectrode pools have to be cooled and in some versions
of the lamp a cooling coil passes through the center of the helix. The original
lamp consisted of a four-turn spiral of Pyrex tubing: however, we have
constructed similar lamps in our laboratory in recent years with as many as
six turns (Fig. 3.9) and have obtained excellent results using currents up to
15 A without the necessity of cooling the helix. To start the lamp the mercury
pools around the electrodes are preheated electrically for a few minutes and
the emission then induced by means of a tesla coil held against a piece of
aluminum foil that is wound around the helix. As soon as emission starts
the cooling water through the clectrodes is turned on.

Sources containing other metals and helium arcs have also been de-
veloped!s-ie spcc:ﬁcnllv for the study of colored compounds. In particuiar
Ham and Walsh'* have described a microwave- po“crcd source for use with
many types of lamp.
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Very recently an important advance in technique has been the introduction
of the laser as 2 Raman source.’® The He-Ne laser is the mostcommonly used
and gives a strong red monochromatic line a few hundredths of an Angstrom
wide free from other emission lines or continuous background. This source
has now been introduced in some of the commercial spectrometers such as the
Cary model 81 and the Perkin-Elmer models LR-1 and LR-2. It seems quite
possible that the introduction of the laser will make it possible to use Raman

25=mm tubing

‘
{

FIGURE 3.9: The Toronto arc.

spectroscopy as a routine tool for the examination of quite small quantitics
of both colorless and highly colored materials. The most suitable laser
presently available appears to be the Spectral-Physics model 125 He-Ne
50-uW source which emits at 6328 A. However, devclopments in this ficld
are so rapid that it is to be expected that other sources will be available in the
near future.

e B. SPECTROMETERS

-
-

¢ 2
In this section we shall describe only the most commonly used instruments;
namely, the Hilger E612, the Cary model 81, and the Perkin-Elmer LR-]
(and LR-2) spectrometers.
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The Hilger E612 instrument (Hilger and Watts, England), is a spectro-
graph employing two large glass prisms for dispersion and can be used either
as a photographic or as a photoclectric recording instrument. The iastru-
ment with photographic dectection is of moderate_ expense and therefore

perhaps the most widely encountered. [t is, however, confined, without, .-

adaptation, to the use of a mercury source. A simple schematic layout is-
shown in Fig. 3.10 and the instrurment itself in Fig. 3.11. The Raman source
in the commercial instrument is composed of four straight-tube low pressure
mercury lamps which surround the sample cell, and relatively high intensity
is obtained by enclosing the lamps in a magnesium oxide-coated reflector
(Fig. 3.12). 1 '

The instrument consists of a solid cast-iron base to which is screwed the
collimator and the box casting containing the prisms. Two cameras may
be used for recording the spectra and in the purely photographic instrument
are interchangeable in position, each being fixed onto an arm that can
be rotated to bring either camera into action as desired. Plate holders for
cach camera are set in frames that can be raised or lowered to allow several
spectra to be recorded on the same photographic plate. The spectrometer is
calibrated by means of a standard iron or copper arc and functions best in a
temperaturecontrolled room. The adjustable slit, with stainless-steef jaws.
is mounted on the front of the collimator ard is fitted with a shutter, reducing
wedge, and Hartmann diaphragm. The collimator has a lens aperture of
86 mm and a focal length of approximately 60 cm. The camera that gives the
greatest dispersion has a relative aperture of //5.7 and gives a spectrum 86 mm
in length, covering the range 3900 to 6300 A. The inverse dispersion on the
plate is 16 A/mm at 4358 A. Photographic plates, in size 3} x 4}in., that
are most suitable for use with the Hilger E612 arec Eastman Kedak type
103a-O or 2a-O for Raman lines near to the 4358-A mercury exciting line, or
103a-J or 103a-G for higher Raman frequencies in the region of 3000 cm=".

In the recording instrument the short focus camera is replaced by a photo-
multiplier scanning unit. The light is dispersed in the first passage through the
prisms and reflected at a tilted mirror to obtain double dispersion. The
mirror rotates automatically at one of four selected speeds and may besctto a
calibrated scale. The dispersion at the photomultiplier is 6.8 cm™'fmm at
4358 A. The scattered light is monitored relative to the intensity of the source
and automatically recorded. The basic photographic instrument may be
purchased without the photoelectric recording unit, which can be readily
added later.

In our laboratory we have replaced the Hilger-arc assembly by a Toronto
arc to give a more flexible unit for some purposes. For example, po[arimlion
measurcments are easily carried out (Section 3.3D). and a wide variety of
Raman sample cells may be used (Section 3.3C).

_ The Cary model 81 Raman spectrophotometer (Applied Physics Corpora-
tion, USA). uses a 3-kw Toronta arc and ‘or a Spectral-Physics model 123

- .
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FIGURE 3.11: The Hilger E612 spectrograph.
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He-Ne laser as source. Three versions are available; Toronto arc only (with
provision for the later installation of the laser source), laser source only, and
a version with both Toronto arc and laser.

The Toronto arc is of Corning 1720 glass tubing in the form of a helix
that surrounds the sample cell. The helix is cooled with air from two blowers

( : ﬂ]l e—Mg0 reflector -

= A
5] -Mercury lamp -
=hk Cooling water
=1 B B
= f Filter solution .
= ] N .
] B ¥ Sample
= Ei o ” .
“H -
FIGURE 3.12: The Hilger source. e '

- -

and the electrodes are cooled with thermostated circulalirgg water that keeps
the mercury vapor pressure low and thus reduces the lamp continuum. A
cylindrical glass-filter jacket is located between the lamp and the sample,
angd a filter solution is circulated through the jacket. The filter solution is .
cooled and thermostated to keep the sample cool. Sample cells are mounted
horizontally on the axis of the lamp and filter jacket. The optical system is
shown schematically in Fig. 3.13 and the instrument in Fig. 3.14.
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A unique feature of the Cary model 8! spectrophotometer is its use of
image slicers (Fig. 3.15, items G and H) between the sample cell and entrance
Jlit. These make it possible to use the rays from the entire end of the sample
cell rather than just a narrow strip down the middle as in conventional spec-
trometers. The irhage from the end of the cell is divided into 20 strips which

e —

& L amaisnl 3 . >
Fr— g 4

FIGURE 1.13: The Cary model 81 spectrophotometer—schematic layout of the optical
system used in conjunction with the Toronto arc.

are superimposed in two sets of 10 strips cach and then magnified to the exact
size required to fill the double entrance slit. The monochromator is a dual
grating, twin slit, double monochromator and has a focal length of 1000 mm.
It is designed to give increased light-gathering power and is free from the
effects of Tyndall and Rayleigh scattering in the sample. This greatly reduces
the difficulty in sample preparation since the double monochromator rejects
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scattered light, enabling the cell walls and other sources of scattered light to
be viewed. Thus advantage may be taken of total reflection at the walls of
the sample tubes to effectively increase the length of small diameter tubes
many times. The gratings are ruled with 1200 lines/mm. High stability is
achieved in the Cary model 81 by means of a chopped-radiation photometric
system designed to retain the stability of such systems, but avoiding the 50%;
loss of light that normally results from chopping. A rotating semicircular

FIGURE 3.14: The Cary model 81 spectrophotometer.

mirror directs the radiation alternately to two phmot'ubcs cach of which
develops an indcpcndf:m Raman signal. The signals are later combined witha
consequent improvement in the signal- -to-nojse ratio. At the same time non-
dispersed light from the lamp is chopped by the same mirror and directed
to a reference phototube.

The performance and areas of application of the Cary model 81 spectro-
photometer have been increased by the introduction of theHe-Ne laser
source since the narrow intense line at 6328 A that this emité can give Raman

" spectra from many fluorescing and most s:rong]y colored compounds. A
further advantage is the use of axial excitation in conjunction with a capillary
liquid sample cell which permits an order of sample size comparablc to that
used in microinfrared work. The optical system of this spectrometer is shown
in Fig. 3.15.
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Two spectrophotometers with He-Ne laser sources have recently been

developed by the Perkin-Elmer Corporation. The Model LR-1 is shown in

Fig. 3.16 and diagrammatically in Fig. 3.17. It consists of a compact optical
: G aee T, o Sl

s-r;:‘..,;'.-‘/-\'.i.- e A DI RSP TASY

L TN SRS LY [ R

R e

* FIGURE 1.15: The Cary model 8! spectrophotometer—schematic layout of the optical

system used in conjunction with the laser source.

unit and an associated electronics rack which contains the recorder and other
clectrical components, which are cable connected to the optical unit. A
Perkin-Elmer model 5320 He-Ne gas laser mounted horizontally is used for
excitation, and its beam falls on the sample cell, which is slightly wedge-
shaped in order to permit multiple traversals of the incident light and hence
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insure maximum excitation. Approximately 150 passes arc thus made in a
standard 5 mi cell. Scattered light is viewed at 90° with respect to the incoming
beam and is focused by a simple lens onto the entrance slits of a double-pass
monochromator equipped with a 1440 lines/mm replica diffraction grating
blazed at 6200 A in the first order. An analyzer prism is mounted between the
sample and the monochromator to measure the degree of polarization (Sec-
tion 3.2E). It is removed when not in use. The monochromator may be

FIGURE 3.16: The Perkin-Elmer LR-1 spectrophotometer.

scanned either manually or by means of a multispeed automatic wave-
length drive for Raman shifts from 0 to 3800 cm—. A 14 stage multiplicr
phototube is used as a detector. Its output is fed through an amplifier and
displayed on a strip-chart recorder. '

Recently the Spectro-Physics laser has been introduced as part of the LR-1
and an LR-2 is being developed. The latter features the Spectro-Physics laser
and an improved monochromator. '

-
-

i
C. SAMPLING TECHNIQUES '
Gases, liquids, and solids can be studied by Raman spectroscopy, but

different types of cell are normally required to obtain the spectra in each
phase. Liquids and solutions present the least difficulties.
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The Hilger E612 spectrometer with the Hilger lamp asscmbly holds a
simple glass cell for liquids of 7-ml capacity which fits inside a coaxial Jjacket,

The jacket consists of three isolated concentric tubes and allows both cooling
water and 2 filter solution to be placed between the lamp and sample. The

£ 1L/35

5 sy

({ vl

.-—- ~—70-mm dia.
=1 F~——11mm

| —10-mm dia. sample tube

190 mm

FIGURE 3.18: Raman cell used with a Hilger E612 spectrometer and Toronto-are source.®

Raman eells are straight cylindrical glass tubes with opticaljy flat glass win-
dows fixed to their lower ends. '

In our laboratory replacement of the Hilger source by a large Toronto arc
has given a more convenient arrangement for some purposes. [t can be
adap:u:d for the study of liquids at high or low temperatures and for the study
of solids. A variety of designs of Raman cells have been used with this
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apparatus, which is shown schematically in Fig. 3.18. Provision of a standard
tapered brass joint at the base of the filter }ackct and a standard glass joint
inside it, allows for the rapid interchange of cellsand easy access to the sample,
and enables the cells to besurrounded by polaroid cyhndcrs for-polarization
measurements (Section 3.3D). ’

In the Cary model 81 spectrophotometer with Toronto-arc source a wide
range of cells is available. Some of these are shown in Fig. 3.19. The 7-mm

2-mm Sample lube holder " Cell optics

L
@ “gR,  uw

. T—mm Sample tuba holder memery . oColl Optics - owae s e el

FIGURE 3.19: The Cary model 81 spectrophotometer—Raman cells.

outside-diameter cell for liquids has a capacity of 5 ml and the 19-mm out-
side-diameter cell has a capacity of 65 ml. Two 2-mm cells arc available, one
with a volume of 0.2 l and the other with a volume of 0.6 ml. Selection of
the most appropriate cell is important. In the 19-mm cell the monochromator
does not see the cell walls, whereas the 7-mm and 2-mm cells depend on in-
ternal reflection from the wall surface. Therefore the monochromator does
see the cell walls and any fluorescence that is developed in them. Thus ccll
selection becomes important when there is need to minimize cell fluorescence.
Modification of the 5-ml cell system to permit more effective collection of the
Raman radiation by a multiple reflection optical system has been described
by Tunnicliff and Jones.? R. Norman Jones and co-workers have recently
described capillary microcells of two sizes (Table 3.3) for use with the Cary
model 81.% Onc end of the capillary is sealed to obtain a symmetrical
meniscus scal [ree from entrapped air, and the commercial cell holder was
used 10 keep the closed end of the tube in contact with a wide-angled hemi-
spherical collecting lens. :
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TABLE 3.3: Dimensions of Capillary Raman Tubes Used by Jones and Co-workers®!

Solute required in

Effective Diameter, mm different solvents, mg*
length, Volume, -
mm Inside Qutside ml CS, CHCl, H,0
Small 225 09 0.1 20402 0.15 100 200 300
Large 25 L7 01 24 + 0.2 0.50 200 300 300

* Under favorable circumstances acceptable spectra were obtained with half these
amounts,

In the spectrophotometer with laser source a microcell consisting of a
capillary tube 5 cm long with a 0.5-mm inside diameter is used. This has a
volume of 10 uliters and can be used with samples as small as 1 gliter.

For the Perkin-Elmer LR-1 spectrometer several cells are available com-
mercially. The standard cell for liquids has a 2.5-ml capacity (Fig. 3.20).
An 02-ml liquid cell and a special assembly for the sampling of solid
powdess is also available, : : '

FIGURE 3.20: Cell and cell assembly for use with the Perkin-Elmer LR-] spectropho-
. tometer,
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FIGURE 3.21: A Raman cell for solid powders.

The solid sample holder shown in Fig. 3.19 is used with the Cary model 81
spectrometer with Toronto-arc source, while for the instrument with laser
source powders and fine crystals can be packed inside the capillary microcell,
and large crystals can be mounted at the surface of the sample lens using a
specially designed sample holder. Recently a novel cell for solids that can be
used with the Hilger E612 spectrometer has been described.?? In this cell a
solid powder 1s held between two concentric glass cones (Fig. 3.21).

The gas cell shown in Fig. 3.22 is used with the Cary model 81 equipped
with a special source consisting of two Toronto arcs. It is of the multiple-
reflection type and allows the light to pass as many as 44 times through the
20-in. path length of the cell. It has a capacity of 31 liters and is designed to
withstand pressures as high as 10 atn.

D. MEASUREMENT OF DEPOLARIZATION RATIOS

We have seen previously that the determination of the depolarization ratio
p is important in assigning Raman lines to particular normal vibrations. The
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absolute determination of depolarization ratios is difficult experimentally;
however, it is sufficient in many studics to determine p only approximately.
With the Hilger E612 spectrometer the experimental method normally
used is to compare the intensities of the Raman lines obtained in two scparate
experiments, one using light from the source polarized parallel to the axis of
the Raman tube and the other using light polarized perpendicular to the axis
of the Raman tube. To do this two polaroid cylinders constructed to fit
around the Raman cell are used. One transmits the parallel, and the other the
perpendicular, component. The intensitics of the spectral lines in the two
.experiments may be compared using a suitable microdensitometer.

g ¢ L
Evacuation porl »7_
ond inlet fitting -~

- . . e TP L |

Libine

R e

FIGURE 3.22: Gas cell for wke with the Cary model 81 spectrophotometer.

The results of such experiments on a sample of carbon tetrachloride are
shown in Fig. 3.23. The line at 459 cm=* (»,) is polarized and therefore
corresponds to a totally symmetric vibration, while the lines at 218, 314, 762,
and 791 are depolarized and may be assigned to unsymmetrical vibrations.

Various authors have described other methods of measuring depolarization
ratios which are more appropriate to a photoelectric instrument (e.gz., Refs.
21, 23, and 24). )

34 APPLICATIONS

Much of the work carried out to date in the field of Raman spectroscopy
has been concerned_with complete analyses of the vibrational spectra of
simple molecules. Work of this kind requires measurement of both Raman
and infrared spectra and is usually directed toward the' determination of
molecular geometry and the foree constants of bonds in the molecules.

In contrast, infrared spectroscopy has been widely used in organicchemistry
In Tecent years as a routine tool to give analytical information, largely from
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group frequencies, concerning the presence of functional groups in molecules.
That is not to say that Raman spectroscopy could not be equally uscful for
this purpose; however, while commercial infrared spectrometers are now
required equipment in any organic laboratory, Raman spectrometers are
found rather rarcly. The situation has to do not only with the rather high
cost of Raman spectrometers but also with the difficulty of the technique.

(o!

(b)

. AN

— 1 | | 1 ] 1 11

459 3L 8 0 218 3 459 75%91
AU, cm™!

FIGURE 3.23: Polarization measurements on carbon tetrachloride.

While infrared measurements can be performed on very small samples, it
has not been until very recently that the Raman spectra of microsamples
could be obtained. However there is no doubt that since Raman and infrared
spectroscopy provide complementary.information about molecular vibrations,
the routine accessibility of both kinds of spectra would greatly enhance the
value of the group-frequency method of structural analysis.

Much of the work that has been reported on the Raman spectra of organic
molecules has been reviewed by Jones and Sanhdorfy,* who give an excelfent
account of the use of both infrared and- Raman spectroscopy in organic
chemistry with emphasis not only on infrared but also on those cases where a
knowledge of the Raman spectrum of a molecule proves particularly useful.
They have discussed the whole scope of vibrational spectrum analysis as it
applics to organic chemistry in a systematic way. The reader is rcferred to
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their extensive discussion for a detailed account. Here, we shall restrict our
comments to sume points of general interest.

The literature of Raman spectroscopy is not as extensive as that of infrared
but the subject 1s well covered in various review art:clcs’and monographs.
Those of note include the works of Hibben,® Kohlrausch.™ Glockler,?*
Pajenkamp ® Braun and Fenske,® Stamm.® and an up-to-dzte monograph
by Brandmuller and Moser.?* Recent review articles include those by Rosen-
baum.* Jones and Tunniclit.> Jones.™ and Jones and Janes.™ A collection
ol spectra also appears in Landolt-Bornstein.® Two other arucles that deal
mainly with inorganic substances but are nevertheless of interest are those
by Woodward® and Tobias.

One of the important features of Raman spectroscopy that gives it an
advantage aver infrared spectroscopy is the case with which low frequency
vibrations (50 to 250 cm~') can be observed. In addition, because of its use
of glass cells rather than infrared materials. aqueous solutions and solutions
in other solvents such as strong acids can be studied.

In the case of low lrequencies most conventional infrared spectrometers
cover the region from 650 to 4000 cm~! and more expensive grating instru-
ments the region from 200 to 650 cm~'. In the region below 200 cm~!
infrared detection is difficult because of the low energy of infrared radiation
in this region. Two spectrometers which allow this region to be covered are
the Perkin-Elmer 301 infrared spectrometer and the Beckman [R11 spectrom-
cter, however both spectrometers are very expensive and special cell ma-
terials are required. In contrast, even the simplest Raman spectrometer
cnables lines in the low frequency region to be observed easily.

Solvents such as water present difficulties in the infrared because of their
very strong absorption so that the study of the infrarcd spectra of aqueous
solutions presents great difficulties. In addition special cell materials such as
polyethylene or silver chloride must be used because of the solubility in water
ol the more usual cell materials such as sodium chloride and potassium bro-
mide. Inthe Raman water bands appear with rather weak intensities enabling
the spectra of other specics in solution to be readily observed.

Asyetapplications of Raman spectroscopy to organic chemistry have notbeen
seriously exploited except in a few cases. However sufficient has been done to
make it clear that some molecular groups are better characterized by their
Raman spectra than by their infrared spectra. For example. the infrared
spectra of the esters of compounds containing polymethylene chains. e.g.. the
methyl laurates.” are dominated by bands associated with the carbomethoxy
group, whereas this group gives only weak bands in the Raman spectra,
which are characteristic of the hydrocarbon skeleton. Stmilarly in the case of
crystalline normal-paraflin hvdrocarbons study of both the Raman and
spectra infrared has shown a characteristic pattern of frequencies which
enables a distinction 1o be made between molecules of odd and even chain
length

Infrared spectra unduly emphasize group frequencies of relatively polar
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bonds involving hetero atoms and the C—C, C=C, C=C, and C—H bonds
of the structural skeleton which often Bive weak infrared bands usually give
strong Raman lincs. .With the development of Raman techniques it is certain
that uscful new developments in structural analysis will result. The recent
literature has been reviewed by Jones and Jones,®

Q3.1.
Q32

Q3.3.

Qi34

Q3.5.

QUESTIONS

Why is it not possible to use the blue (or indigo) mercury linc at 4358 A to
obtain the Raman spectrum of yellow-colored solutions ?

What weight of a compound with a molecular weight of 100 would be required
to make enough aqueous solution to fill a cylindrical cell 10 mm in diameter
and 15 cm long if the solution must be 209, by weight? (Assume that the
specific gravity of the solution is 1.) What volume of an ideal gas of the same
molecular weight at 10 atm pressure and 25°C would be required in order
that the same number of molecules would be irradiated ?

The inverse dispersion of a spectrograph is given by- Ai/Ad, where A4

is the difference in wavelength of two lines and Ad is the distance between
the lines, i.e., when photographic detection is used, Ad is the actual distance
between the images of the lines on the photographic plate. The Hilger E612
has an inverse dispersion of 16 A/mm at 4358 delppmximate}y 41 A/mm
at 5461 A. Tin tetrachloride has four fundamental vibrations which give
rise to lines », = 424 cmt, 7, = 150 em™3, v, = 608 cmL, v, m 221 ¢l
How far apart will the images of the », and », lines be in a spectrum excited
by (a) the 4358-A mercury linc and (b) the 5461-A mercury line? From
which spectrum would you expect to get .more accurate values for the
Raman shifis?

In the Raman spectrum of carbon tetrachloride the three lowest frequency
vibrations (v, r,, r,) usually give quite strong anti-Stokes lines (see Fig.
3.1). From the data in Table 3.1b calculate the wavelengths of the anti-
Stokes lines in a carbon tetrachloride spectrum excited by the 4047-A
mercury line.

The two possible isomers of 1.2dichlorocthylene have vibrational spectra
which show the following fundamentals:

Isomer 1 Isomer 11
Infrared, em=! Raman, ecm-! Infrared, cm-'  Raman, cm-?

570 173 620 349
694 406 820 T 758
BS? 563 1200 . . 844
1303 ’ 711 3089 1270
1591 B76 ’ 1576
3086 1179 5 . 1626
1587 . 1692
3077 _ 5 3142

Jeo ‘

-

Using simple selection rules, deduce the structures of the isomers.
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3.6, Which of the lollowing funcuonal groups might you expect to be detected
morc casily in the Raman than in the infrared ! |

il
R ' - o
- . G=0 R—C
R OR’
R—CBr, (CH,),C—R
R R" R 19
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